CONSPECTUS: This Account presents the development of a suite of stereospecific alkyl−alkyl cross-coupling reactions employing nickel catalysts. Our reactions complement related nickel-catalyzed stereoconvergent cross-coupling reactions from a stereochemical and mechanistic perspective. Most reactions of alkyl electrophiles with low-valent nickel complexes proceed through alkyl radicals and thus are stereoablative; the correct enantioselective catalyst can favor the formation of one enantiomer. Our reactions, in contrast, are stereospecific. Enantioenriched ethers and esters are cleanly converted to cross-coupled products with high stereochemical fidelity. While mechanistic details are still to be refined, our results are consistent with a polar, two-electron oxidative addition that avoids the formation of radical intermediates. This reactivity is unusual for a first-row transition metal. The cross-coupling reactions engage a range of benzylic ethers and esters, including methyl ethers, tetrahydropyrans, tetrahydrofurans, esters, and lactones. Coordination of the arene substituent to the nickel catalyst accelerates the reactions. Arenes with low aromatic stabilization energies, such as naphthalene, benzothiophene, and furan, serve as the best ligands and provide the highest reactivity. Traceless directing groups that accelerate reactions of sluggish substrates are described, providing partial compensation for arene coordination. Kumada, Negishi, and Suzuki reactions provide incorporation of a broad range of transmetalating agents. In Kumada coupling reactions, a full complement of Grigard reagents, including methyl, n-alkyl, and aryl Grignard reagents, are employed. In reactions employing methylmagnesium iodide, ligation of the nickel catalyst by rac-BINAP or DPEphos provides the highest yield and stereospecificity. For all other Grignard reagents, Ni(dppe)Cl 2 has emerged as the best catalyst. Negishi cross-coupling reactions employing dimethylzinc are reported as a strategy to increase the functional group tolerance of the reaction. We also describe Suzuki reactions using arylboronic esters. These reactions provided the first example in the series of a switch in stereochemical outcome. The reactions maintain stereospecificity, but reactions employing different achiral ligands provide opposite enantiomers of the product. Use of an N-heterocyclic carbene ligand, SIMes, provides inversion, consistent with our prior work in Kumada and Negishi coupling reactions. Use of the electron-rich phosphine PCy 3 , however, provides retention with stereospecificity, signaling a change in the mechanistic details. Potential applications of the reported cross-coupling reactions include the synthesis of medicinal agents containing the 2-arylalkane and 1,1-diarylalkane moieties, which are pharmacophores in medicinal chemistry. These moieties are found in compounds with activity against a broad range of indications, including cancer, heart disease, diabetes, osteoporosis, smallpox, tuberculosis, and insomnia. We highlight representative examples of bioactive compounds that we have prepared with high enantioselectivity employing our methods, as well as the discovery of a new anti-cancer agent.
I. INTRODUCTION
Cross-coupling reactions have become an indispensable component of synthesis, particularly when bonds between sp 2 -hybridized carbons must be forged. 1 Cross-coupling reactions that link sp 3 centers using alkyl electrophiles and alkylorganometallic reagents are poised to impact synthesis. 2 Strategic applications of cross-coupling reactions of primary alkyl halides and alkylmetal species en route to natural products have been reported. For example, in the synthesis of pyranicin, Griggs and Phillips 3 employed an alkyl−alkyl cross-coupling reaction, using a catalyst developed by Fu, to stitch together the backbone of the molecule (Scheme 1). These disconnections have the advantage of being traceless, i.e., there are no telltale functional groups that dictate the placement of the disconnection, allowing synthetic chemists to break molecules at nonobvious positions.
Realizing the widespread application of alkyl cross-coupling reactions in the synthesis of natural products and medicinal agents will require further advances (Scheme 2). 4 Incorporation of a broad range of secondary substrates with high stereoselectivity will be necessary. As with most synthetic trans-formations, alkyl cross-couplings will likely see the largest impact if both stereoconvergent (catalyst-controlled) and stereospecific (substrate-controlled) reactions are developed. 5, 6 The two strategies present different advantages and are complementary. For example, stereoconvergent reactions employing asymmetric catalysts often provide a strategic method for the installation of the first stereogenic center in a synthesis and exquisite control over the introduction of a remote stereogenic center. 7 In contrast, stereospecific reactions proceed cleanly with inversion or retention, conserving stereochemical information present in the starting material without the need to identify a chiral catalyst. Such reactions are often valued in late-stage synthesis, since they provide predictable methods for elaboration of stereochemically complex intermediates.
Exciting advances in both stereoconvergent and stereospecific cross-coupling reactions have been reported. A rich literature describes the use of secondary alkylmetal reagents in stereospecific and stereoconvergent approaches. 8, 9 Stereoconvergent coupling reactions of secondary alkyl halides employing enantioselective nickel catalysts have been pioneered by the Fu group. 10 This work has provided important lessons about the ability of weak directing groups to orchestrate enantioselective reactions 11 and has been a springboard for creative ideas in photoredox catalysis. 12 Our group has endeavored to develop the complementary approach, stereospecific cross-coupling reactions of secondary electrophiles.
II. KEY FACTORS IN REACTION DESIGN
We began our investigation by focusing our efforts on the development of a nickel-catalyzed reaction. Complexes of the first-row transition metals nickel, iron, and cobalt are considered highly reactive toward oxidative addition and slow to undergo β-hydride elimination, which is ideal for alkyl−alkyl cross-coupling reactions. 13−15 At the outset, we envisioned that the greatest challenge in the development of a stereospecific cross-coupling reaction would be to identify alkyl electrophiles that participate in polar, two-electron oxidative addition reactions with low-valent nickel complexes. This issue is one point of contrast between the precious metal palladium and the base metal nickel. Organopalladium complexes typically undergo stereospecific two-electron oxidative addition reactions.
16, 17 The corresponding nickel complexes frequently possess a greater density of states and can access one-electron pathways. Oxidative addition reactions of organonickel complexes with alkyl halides likely proceed through radical intermediates, and this reactivity has been critical for the development of catalyst-controlled, stereoablative reactions (Scheme 3a).
18−20 To achieve a stereospecific reaction, we must suppress the inherent radical reactivity of the catalyst and favor a two-electron, polar oxidative addition (Scheme 3b), since 2°alkyl radicals undergo racemization with ΔG ⧧ < 0.5 kcal/mol. 21 We were optimistic that we could identify alkyl electrophiles that participate in robust two-electron reactions with nickel catalysts and that this step would initiate a stereospecific cross-coupling reaction.
Our choice of alkyl electrophile was guided by nickelcatalyzed allylic substitution reactions 22 as well as contemporary developments in nickel-catalyzed coupling reactions of phenol derivatives. 23 Our simple working hypothesis was that "hard" electrophiles would favor polar reactions and be less prone to radical reactions. 24 In support of this hypothesis, since the 1980s there have been numerous reports of nickel-catalyzed reactions of allylic ethers and esters that are stereospecific and proceed with inversion (Scheme 4a). 25 Furthermore, in 2008 Shi and co-workers reported nickel-catalyzed cross-coupling reactions of primary benzylic methyl ethers at elevated temperatures (Scheme 4b). 26 They also reported a modest yield utilizing a secondary ether, but no stereochemical information was reported. On the basis of this rationale, we began our investigations with benzylic ethers (Scheme 4c).
The choice of ethers and esters as starting materials provided a significant strategic and practical advantage in the development of stereospecific coupling reactions. By definition, any enantiospecific reaction will require synthesis of the starting material with high enantioselectivity. The requisite starting materials for our project were secondary alcohols, a functional group for which there are many outstanding enantioselective synthetic methods (Scheme 5). 27 Therefore, we were confident at the outset that developing a method based on this functional group would stand on a solid foundation and dovetail nicely with modern synthetic planning.
III. STEREOSPECIFIC KUMADA COUPLING REACTIONS a. The Test Case: Benzylic Ethers with Methylmagnesium Iodide
Our investigation began with methylmagneisum iodide for several strategic reasons. The first was that this nucleophile does not include β-hydrogens, reducing the number of possible side reactions. The second was to provide synthetic methods for incorporation of benzylic methyl substituents, which can improve the bioavailability and activity of drug substances.
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Representative examples of medicinal agents bearing this moiety are shown in Figure 1 .
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As benzylic ethers are not highly activated electrophilic partners, we chose first to pair them with Grignard reagents, highly active nucleophiles, to develop Kumada-type crosscoupling reactions. Utilizing the secondary benzylic methyl ether reported by Shi and co-workers, 26 we sought to find optimal conditions that would suppress the undesired competing β-hydride elimination reaction while furnishing the desired cross-coupling product with faithful transfer of stereochemical information from substrate to product. After a survey of reaction conditions, we found that using Ni(cod) 2 with the bidentate phosphine ligand rac-BINAP provided 14 in 72% yield with 98% es at room temperature (Scheme 6). 30 Enantiospecificity (es) is calculated to provide a metric of the stereochemical fidelity of the transformation, allowing direct comparison of reactions performed with starting materials of different ee. 31 With the optimized conditions in hand, we explored the scope of the transformation. A series of enantioenriched benzylic ethers were examined. Ethers activated by extended aromatic moieties underwent the desired stereospecific crosscoupling reaction in good yields with excellent transfer of stereochemical information (Scheme 6). This observation is consistent with coordination of the arene to the nickel catalyst, facilitating oxidative addition. We would need to address this limitation in subsequent generations of reaction design (vide infra). Higher yields were typically obtained using DPEphos in place of rac-BINAP for heterocycles (17 and 18) .
To further challenge the Kumada coupling, we examined the influence of nearby stereogenic centers on the stereochemical course of the reaction. We chose to examine 2-aryltetrahydrofurans and tetrahydropyrans, as there are excellent established methods for their synthesis. 32 The use of these scaffolds would take advantage of cyclic stereocontrol to easily set the relative configuration in the starting material, which would subsequently be translated to single diastereomers of acyclic products. Additionally, upon cross-coupling we would unveil an alcohol, which would allow for further manipulation and derivatization.
Both tetrahydropyrans and tetrahydrofurans react smoothly, unraveling to provide alcohols where the coupling proceeds with clean inversion at the benzylic stereogenic center (Table  1) . 33 In addition to benzofuran and benzothiophene, which successfully undergo the reaction with the use of DPEphos, we also found that simple 3-furyltetrahydropyran 23 affords 24 in high yield and dr. Importantly, comparison of reactions of diastereomeric starting materials demonstrated that additional stereogenic centers do not influence the stereochemical fidelity of the reaction. For example, cis-19 cleanly afforded only syn-20, while trans-19 provided anti-20. We found that the highest yields were obtained when the second stereogenic center was distal to the reactive center, with alkyl, aryl, and protected alcohol substitutents being well-tolerated. While the yields were generally diminished when the second substitutent was closer to the benzylic center, the stereochemical fidelity remained excellent (e.g., 26).
To further interrogate the potential for a match/mismatch effect when chiral ligands were employed, we subjected both diastereomers of tetrahydrofuran 29 to reactions employing (R)-and (S)-BINAP (Scheme 7). In all cases, we observed that the reaction proceeded in high yield with inversion at the benzylic center. These results indicate that the reaction is not influenced by the chirality of the catalyst and is robustly stereospecific.
b. Expanding the Grignard Reagent Scope: Addressing β-Hydride Elimination
Transmetalating agents that contain β-hydrogen atoms pose a particular challenge in cross-coupling reactions, since they are prone to β-hydride elimination upon transmetalation to form alkylnickel intermediates. Indeed, such Grignard reagents performed poorly under our reported cross-coupling reaction conditions and were plagued by hydrogenolysis or β-hydride elimination (Scheme 8a). We reasoned that tuning of the steric and electronic properties of the ligand could provide a catalyst with a lower propensity for β-hydride elimination. Upon evaluation of a series of ligands, we found that dppe favored the desired coupling and suppressed the competing side reactions. Optimized conditions utilized commercially available, air-stable Ni(dppe)Cl 2 with catalyst loadings as low as 2 mol % (Scheme 8b). 34 We determined that for reactions employing n-alkyl or aryl Grignard reagents, Ni(dppe)Cl 2 is the catalyst of choice (Scheme 9). Grignard reagents bearing trisubstituted olefin or trifluoromethyl groups are well-tolerated, allowing for installation of useful functional groups (e.g., 36 and 37). Branched alkyl Grignard reagents gave low yields of the desired crosscoupling products (e.g., 38) as a result of competitive β-hydride elimination, but the transfer of stereochemical information remained high. Both electron-rich and electron-deficient aryl Grignard reagents are tolerated in good yield and es (e.g., 39 and 40). These reaction conditions also translated smoothly to reactions of cyclic ethers with n-alkyl and aryl Grignard reagents (Table 2) . 33 Thus, Ni(dppe)Cl 2 is the most general catalyst we have identified to date. The sole exception is in reactions employing MeMgX, where the BINAP-or DPEphosligated catalysts typically provide the highest yields. 35 Over the course of these experiments, we noted an inverse correlation between the catalyst loading and reaction enantiospecificity. 34 We hypothesized that, in analogy to palladium-catalyzed allylic and benzylic substitution reactions, at high catalyst loadings the key π-benzylnickel intermediate 48 racemizes by nucleophilic attack of a second nickel species (Scheme 10).
17a,36 This information proved helpful in identifying modified reaction conditions to suit recalcitrant substrates. For example, substrates such as 41 with heterocyclic moieties generally were sluggish. To improve the yield without compromising the enantiospecificity, a second portion of Ni(dppe)Cl 2 was added at 12 h to maintain a low catalyst concentration at all times. We also observed that for compounds that tend to undergo racemization, such as benzhydryl ethers, conducting the reaction at lower temperatures generally helps to maintain the stereochemical fidelity (e.g., 42).
c. Beyond Extended Aromatic Substituents: Accelerating Oxidative Addition
Stereospecific nickel-catalyzed alkyl−alkyl cross-coupling reactions were successful with a range of Grignard reagents, but the methodology required activation of the benzylic ether by an extended π system such as naphthalene, benzothiophene, or benzofuran. Preliminary mechanistic studies are consistent with rate-determining oxidative addition. 37 This elementary step provides a π-benzylnickel complex; participation of the arene is critical in stabilizing the transition state. 38 Substrates that present arenes with lower aromatic stabilization energies react more smoothly. For instance, in series of related tetrahydropyrans, we found that high yields were obtained for both the naphthyl-and 3-furyl-substituted tetrahydropyrans (Scheme 11). Both of these aromatic groups have relatively low aromatic stabilization energies. 39 However, phenyl-substituted tetrahydropyran 50 does not undergo the cross-coupling reaction, even at elevated temperatures.
To increase the reactivity of simple aromatic systems, a new strategy was required in order to accelerate the oxidative addition. Inspired by the use of directing groups in transitionmetal-catalyzed reactions, 7, 40 we designed 2-methoxyethyl ether as a traceless directing group. 41 We hypothesized that a fivemembered chelate with magnesium salts present in the reaction would activate the C−O for oxidative addition. The directing group is traceless since it is cleaved over the course of the reaction. This strategy provided a substantial rate acceleration, such that benzhydryl alcohol derivatives that had previously resisted Kumada coupling reactions now provided good yields (cf. Scheme 12a vs Scheme 12b).
Good yields and excellent stereochemical fidelity were achieved with a variety of simple benzylic substrates (Scheme 13). Of particular interest, we found that N-heterocyclic aromatic groups, such as 3-and 4-substituted quinolines and pyridines, are well-tolerated and provide good yields with excellent es. This strategy has provided the foundation for our studies aimed at further expanding the scope of the electrophilic partner; improved advances will be required for the development of a truly general reaction with respect to the electrophilic partner.
IV. STEREOSPECIFIC NEGISHI-TYPE
CROSS-COUPLING REACTIONS Organozinc reagents are outstanding for a variety of applications since they have improved functional group compatibility compared with the corresponding Grignard reagents. 42 Therefore, we sought to develop stereospecific Negishi-type coupling reactions. Initial investigations demon- strated that the simple benzylic ether 31 does not undergo nickel-catalyzed reaction with dimethylzinc (Scheme 14). We hypothesized that a more electrophilic substrate, such as an ester, would provide the requisite increase in reactivity. Indeed, for certain coupling reactions, simple pivalate esters (e.g., 59) provide reasonable yields. We found that the most robust strategy was to employ substrates incorporating a traceless directing group. These findings built on the work of Liebeskind 40 and our previous use of the 2-methoxyethyl ether (Scheme 12). The pendant functional group would act by chelating the zinc reagent, weakening the C−O bond and accelerating oxidative addition, and also accelerate the transmetalation step. We found that esters with a chelating thioether (e.g., 60) provided the highest yields and excellent es. 43 This directing group is easily installed via N,N′-dicyclohexylcarbodiimide (DCC) coupling of an enantioenriched benzylic alcohol with commercially available (methylthio)acetic acid.
With an optimal traceless directing group in hand, we examined the functional group tolerance of this reaction. As anticipated, a wide range of functional groups such as alkenes, alkynes, alcohols, and amines are tolerated and afford high yields and excellent es (Scheme 15). Indole-containing substrate 64, which was not tolerated under our previous Kumada conditions, 44 also underwent a smooth and highly stereospecific cross-coupling reaction.
We hypothesized that we could extend this methodology to include other activated esters. 45 A series of enantioenriched aryl-substituted δ-valerolactones underwent stereospecific ringopening reactions in good yields with excellent es (Scheme 16). 33 We found that simple 3-furanyl lactones were amenable, providing enantioenriched carboxylic acids with functional group handles on both ends (e.g., 67). Many challenges remain, most notably expansion of the scope beyond dimethylzinc to include a range of alkyl-and arylzinc reagents as well as the use of alkylzinc halides.
V. STEREOSPECIFIC NICKEL-CATALYZED SUZUKI-TYPE CROSS-COUPLING REACTIONS
In our quest to utilize softer nucleophiles, we also examined arylboronic esters. From a practical perspective, such a reaction would fit nicely into the toolbox of a medicinal chemist, as it would engage the banks of arylboronic esters available for library synthesis. From an organometallic perspective, this reaction provided surprises with respect to the stereochemical outcome of oxidative addition (vide infra). At the outset, in analogy to our development of the Negishi coupling, we chose to examine benzylic esters and electron-rich catalysts to facilitate oxidative addition. The best catalysts that emerged were indeed electron-rich, with ligation by SIMes or PCy 3 (Schemes 17 and 18). 46 Both systems provided high yields and es for cross-coupling reactions of a range of benzylic esters with arylboronic esters. Surprisingly, these two achiral catalyst systems provided opposite enantiomers of the product with high selectivity. 47 The N-heterocyclic carbene (NHC) ligand provided cross-coupling with inversion, consistent with our previous findings in Kumada and Negishi-type coupling reactions. In contrast, PCy 3 provided cross-coupling with retention at the site of oxidative addition. The origin of this change in selectivity is under investigation; our working hypothesis is that coordination of the ester to the phosphineligated catalyst serves to direct oxidative addition with retention. Consistent with our observations, Watson and coworkers determined that oxidative addition occurs with retention in a nickel-catalyzed elimination reaction of a benzylic ester using Ni(cod) 2 in the presence of PCy 3 . 48 
VI. APPLICATION IN THE SYNTHESIS OF ENANTIOENRICHED BIOACTIVE COMPOUNDS
Application in target-oriented synthesis is typically the test of a new method's practicality. To challenge our stereospecific cross-coupling reactions, we undertook the synthesis of compounds with a range of reported biological functions ( Figure 2 ). By affecting cross-coupling at benzylic centers, these methods provide rapid access to the 1,1-diarylalkane pharmacophore, which is present in medicinal agents including Zoloft, tolterodine, lasofoxifene, and centchroman. 49 Stereospecific cross-coupling reactions of benzylic ethers also provide a means of introducing benzylic methyl groups, a common practice in medicinal chemistry to improve drug bioavailability and potency. 28 Our methodology allows us to utilize an uncommon disconnection to access these compounds as single enantiomers.
Our group has successfully synthesized single enantiomers of several bioactive compounds using Kumada, Negishi, and Suzuki-type coupling reactions (Figure 2 ). Diarylethane 76 is a combretastatin analogue with activity against colon cancer cell lines. 50 With our methodology, a single enantiomer of 76 was obtained in 69% yield with excellent es. 30 Similarly, sleepinducing agent 51 77 was accessed in high ee, as installation of the tertiary stereogenic center was accomplished in 83% yield with good es. 30 We prepared tamoxifen analogue 52 The expansion of our methods to include Negishi-type coupling reactions has allowed the synthesis of bioactive compounds containing a variety of functional groups without resorting to protecting group manipulations. We prepared the retinoic acid receptor (RAR) ligand 54 80 and the fatty acid amide hydrolase (FAAH) inhibitor 55 81 with high enantiospecificity by means of Negishi-type reactions. 43 Niacin receptor agonist 56 82 was prepared by Negishi-type ring opening of the requisite lactone. 33 The previous synthesis required seven steps and chromatographic separation of the enantiomers; our synthesis requires two steps from the commercially available enantioenriched lactone and provides 98% ee.
In addition to preparing known targets as a synthetic challenge, we also sought to identify new leads for anti-cancer agents. Since the 1,1-diarylalkane scaffold is present in a range anti-cancer agents, we have begun to evaluate the new compounds that we prepare for activity against breast cancer cell lines. In preliminary studies, we have established that thioether 79 suppresses proliferation of the MCF-7 breast cancer line with an EC 50 of 5 μM.
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VII. CONCLUSION
The field of stereoselective alkyl−alkyl cross-coupling reactions is still in its early stages, with many exciting advances on the horizon. We have described our contributions to the field in establishing nickel-catalyzed stereospecific cross-coupling reactions of secondary electrophiles. Our efforts have focused on benzylic ethers and esters because of the rate acceleration provided by the adjacent arene. These methods have provided a new strategy for the synthesis of enantioenriched medicinal agents with activities against a range of targets. Future advances will continue to expand the scope of these transformations as well as the development of related transformations that are initiated by a stereospecific oxidative addition event.
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